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ABSTRACT 



This paper develops the field and energy equations and the 
inductance i)ararneters for an alternator vrith a rotating^ superconducting 
fields a stationary^ normal armature and an iron shield enclosing the outer 
radius of the alternator. The purpose of this pamper \ t 8 .s to indicate the 
feasibility of a superconducting alternator being used for marine propulsion. 
A 27^200 kv7 generator is designed vrith a tota.l veight of 4 . 65 tons^ a 
diameter of .75^ meters and a length of 1.2 meters. On the basis of the 
weight and volume saved^ super cond.ucting alternators are feasible for marine 
propulsion. 

It is recommended that more work be done to develop a procedure to 
optimize the design of an alternator. The rest of the propulsion system 
needs to be developed and a model built to test out the design. 
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I. ■iN‘rR0DUG7I 0N 

Electric propulsion plants find little use in ships today. By 
electric propulsion is meant that the priiae never drives an electrical 
generator and a motor drives th'^ shaft oi* the propulsion device. Tv^o of 
the prime reasons are that the specific voight and specific volume of 
electrical plants are significantly greater than those of a propulsion 
system using a shaft and reductic.n gears, itnother reason is that the 
initial cost of an electrical plant is greater than for other p3»ants. 
Electrical plants have a nuj?iber cf advantages which^ if the size and 
veight could be made to co;:tparc vlth existing plants^ would put them in 
a competitive position with the existing plants. One of the priirxary 
advantages is the better response and control that is achievable with an 
electric plant. An electric plant mxi.kes bridge control possible. 

Another advantage is the freedom of arrangement that an electrical plant 
allows. The absence of shafts from amidships to the stern permits fuller 
use of the spaces located there. Trie machinery arrangement is not 
dictated by the need for a reduction gear set to be attached to the end 
of a shaft. With a small Pvlteri^ator the arrangements would be even 
more ‘versatile. A gas turbine and generator could be placed in any 
convenient place on the ship. Electrical plants operate at a high 
efficiency. By 3'unning the turhi'ie-gcncixitor at a constant speed, the 
best efficiency cf the turline ''s be achieved. There are fever and 
]ess coxiplex irioving rarts In * • octri'cal systOi;, Tnis means less 
of a j.nintance pr.l-^lem. 0 ..I 00 '■» no direct connection from the 

maciainery space to the pr:cello^y, there is no direct path for machinery 
noise to be transrvi.tted to ; e. 
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Conventional electric pla,nts for a given outpuc horsepower ai'e 
about four times the v;eight of a set of reduction ;ears, si'Lafting and 
associated equipment for the same output. V/.‘th the use of superconduc- 
tors in electric machines, the size and weight c-an be fpreatly reduced. 
Superconductors arc materials which lose all. resirt'’nce neax- absolute 
zero. The references 4, 5 J describe individual cnara-ct eristics. 

In "Superconductivity: Status eind Impii cation for I-arine 

Applications", by E. H. Sibley, E. G. P'ranl:el, and J. M. Reynolds 
the size of superconducting marine power plants is estimated. The 
paper ira,kes no mention of shielding the superconducting plant to protect 
operating personnel and to keep the fields from interfering wath the 
operation of other machinery in the area. It is not feasible to isolate 
the superconducting machinery from the rest of the ship. Sixacc is too 
critical to do that. 

Dynatech Corporation, Cambridge, ihssachti sects; Avco-Everett, Everett, 
ihcsachusetts, and other corporations have desigx'ied small superconducting 
alternators. Rone of these have shielding and none a,re large enough to 
be of use foi' marine propulsion. 

It is the purpose of this paper to develop the etxuations for the 
model of a shielded superconducting altsrnat-or and to evaluate the model 
with values to produce 35^000 shaft horsepovrer output. This is approxi- 
mately the output of a destroyer plant. Cthc;r work which will have to be 
done to complete the electrical plant is to desigi-; a control system, 
design the coolant plant, design the porcr Iw .'dr ' ul do the structural 
design of the turbine and rotating cloctr-^. c ] en ry.... :h. 
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As sumptions and Description 

Figure 1 shovs the arrangement of the alternator, ll.e tjeld is 
on the inside and is rotating. It is the portion of the i,a'j'nne ’•.-hich 
will be superconducting. The ariiiature and shield arc fixed aod 3ocated 
around the field. This is the simplest arrangcrent since che jic-nr ii.ust 
be taken off the armature. It vould be impractical to take tv.o, t muck 
povrer off on slip rings. Little power is needed to c.^/erate fne fi;;ld as 
it is superconducting. The armature current density ?.3si.i!.Hed is 100 a-inpo/crii^. 
This allows a packing factor of .2^. A density of 10^000 empo/cm^ is 
assumed for the superconducting field -vrinding. Tnis allows at least the 
same packing factor as it is conservative as to the current cariying 
capacity of the superconductor. 

The system is composed of a prime mover driving the e j'oerconducting 
generator. The power from the generator goes to a control device^ 
possibly a cycloconvertcr*, which will change the voltage anl frequency 
to allow variable output speed and torque of the supercond’u.iiiig i.otor 
which it drives. Tne response of the system only depends on Lho dynamic 
I’fc'sponse of the motor^ shaft and propeller. This should p-r;>it much 
better response times than reduction gear and shaft driV'W. 



*A cycloconvcrter is an electronic device wliidi aco--p-,s _ ■ et tl. . 
input voltage and frequency and converts it to a voltage ■' frequency 
determined by its control signo.l. 
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FIGURB 1 

CROSS SECTION OF ALTEimiTOR 




R-| inside radius of field 

R2 outside radius of field 

inside radius of arruature 
outside radius of arr.ature 
inside radius of shield 
outside radius of shield 
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II. DEVELOPMENT OF MODEL 



The model \7ill he developed in tlrree parts. The fields generated 
by the field winding will be considered first. Then the fields 
generated by the armature ivill be developed. The last part \M.ll be to 
add the effects of the shield on the fields. All fields are the 
solution to the equation 



subject to the appropriate boundary conditions. The detailed development 
of the model vrill be found in Appendix A. ITiis chapter presents a discussion 
of the procedure and a presentation of the results. 

The fields are essentially independent of the axial dimension. This 
is not true in the end turns but their contribution to the machine is small 
and will be neglected. Therefoi’e the solutions to Laplace's Equation are 
in terms of radius and cylindrical angle. They can be expressed as the 
product of R(p) and ^(cp)j where R and $ are 



with the constants properly eva,luated to satisfy the boundary conditions 
in each situation. TLic boundary conditions applicable to this problem are 
that the solution must at all points be bounded^ must be zero in the 
shield^ and must satisfy the current distribution in the field windings 
and the armature \d.ndings. Since the magnitude of the fields is to be 
constrained to that which will produce no satiu’ation in the materlaL.s used^ 
the solutions can be solved independently and superimposed. Figure 2 sho'.'s 
the physical disti'ibution of the current density in the fic3,d windings. 




(Il-l) 



R = Ap'l -h BP "‘3. 



$ = Csin q:p + Dcos qp 



(II-2) 
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FIGURE 2 




p pole-pair field \n.nding 



FIGURE 3 




Distribution, of surface 
for field winding [ij . 



cm'rent density, in shell of thickness dr 
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Tiie point P(p^ cp) is the point for which the field io being computed 
due to the current density shell dr thick at radius r. Figure 3 
shcn^s the angular distribution of the cm'rent density in the shell 
dr thick. Ihe value of q is readily found as the angular dependence 
must be the same in the field as it is in the distribution of the current. 
Fourier a.nalysis of the current density distribution yeilds 

K(r,cp) = I 4jfdr sin nyp 

n odd (lI-3) 

therefore q is np. The general solution is 

U(r^ 7 ) = R(r)5(q3) = (Ap^^ + Bp~^P)(Csin np 7 -h Dcos np:p) (lI-U) 

The field components are 

HP = ^ Bp = ~ (n-5) 

^ P 2cp 

and the boundary conditions are 
H(p=o) is finite 
H(p-’“’) = 0 



BHp 

^p 



= 0 



(p=r) 



= K(r,cp) (p=r) (II-6) 

After 'the field solution is found in terms of r^ :p; and p ^ an integration 
from to R^ is performed to sum all the contributing rings of surface 
current. Tliere are field components from the shielding which come from 
the general solution; equ3.tion II-4; but "vrith the boundary conclitions that 
Il(p=o) is finite and of the shield solution at p- R^ is the negative 
of its field counterpart so that the total 11^0 is zero at Ihe shield 

field is added to the field to obtain the total field Inside the sMcld. 






The results are shovm in Table I. 'ihe anrat fieri can be solved by 



the sane procedure. G?he ciorrent distribution is different as shown in 



Figures 4 and 5* Fourier analysis of the current distribution yields 



K(r,cp) = Li 



cos n -r sin np:p 

3 



n odd nn 



(II-7) 



The general solution has the sane foi.’.i and .be field components are 
obtained the same v/ay. The solution is evap. ',:ed the same v?a,y except t’nat 
the result is integrated frora to to remove the r dependence. Again 
the shield components to the armatui’e fiej.ci are added in to obtain the 
total field v;hich is also zero at r - R^.. These results are shovm in 
Table II. Notice that each entry in the tables is of the form A(1+B). 

A is the solution without the shield and E is the factor which, when multiplied 
by A, is the contribution of the shield. 

The energy in the two fiel.ds is obtai .• .1 from the equation 




(n-8) 



From the field energies^ 'the self inductanc- s r'ln he found. 



L = 

1^72 



(II-9) 



The mutual inductance is obtained frora 




(II-IO) 



where the second derivative of ^ is 






•f tro muiiher of turns 



in an e].ernental coil of the arr. '^tla^: 



.M. of the stator linking 



those turns. 




(TI-ll) 
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P pole-pair, 3 phase arimture winding 



FIGURE 5 




Distribution of phase a surface current density in shell 
thiclaiess dr for arr.ature winding . 
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This ec^uation is then integrated twice to obtain X. Tlie KaxhTauii value 
of the primry component of is called M. All the inductances are 



listed in T3,ble III. 
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TABLE II 

Field Intensity of Riase a of the Armature Winding with Shielding 
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Energy and Inductance Equations 
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Field Self Inductance, np 9^ 2 
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III. M4CHII']E UlSSIGN 



I'he procedure used for machine design is essentially the same 
as that used in reference 1. It is assumed that the iron in the shield 
dees not appreciab].y affect the open circuit armature volta,ge other 
than through the effect of M. The following additional assumptions are made. 
The inner radius of the shield is equal to the outer ra,dius of the armature, 
i.e. w-1. The inner radius of the a.rmature is 3 cm greater than the outer 
radius of the field to allow for the insulating dc\ja.r and clearance for 
rotation. The current densities are = 10® amps/m^ a.nd = 10® arnps/m^. 
The magnetic permeability of the iron shield is infinite and the 
perm.esbility of the rest of the machine is about the same as air. The 
basic equations used for estimating the machine size and output power 
aj-e 



The weight of the shield is calculated on the density of iron, 7*87 grams/ cm3. 



loigbh, 1, of the machine is taken as t^,dce the diameter of the arnaturc. 
This is used as a roug}i figure based on existing machines. The ratio to 
.•.■i7-.in the in,ximut.i power output for a given volirne is a problem, of 

tim.’ /ation v/hich will not be considered in this paper. Tnis Icngtli is 



IlO ICiigfn due to the end turns to get the ovcra,.ll 2.ength of the machine 




(III-I) 

(III-2) 

(III-3) 



6 



The field and armriturc weights arc figured on the basis of 6 grams/cm3 with 
an allo^>’ance of .25 times their weight for a sliaft and support. [1] The 
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and shield. The end turn length is calculated on the size of the semi- 
circle that the endings must make to go from one pole to the next. 

The shaft is hollow and is designed on the basis of the formula 

321,000 II d 
^ " n-dH-'d?') 



with H in horsepower, d in inches, n in rpm and T in psi. Ilild steel will 

fail \d.th a value of T equal to about 65,000 psi in torsion only, jf)] 

Heat transfer to the supercooled region is tlurough the insulating 

dewar* and through the shaft which \d.ll carry all other necessary leads 

into the supercooled region. The heat loss is calculated from 

w=kA^ 

at 

with k equal to the average heat transfer coefficient^ A equal to the 
area tiirough which the heat is being transferred^ and dT/dt equals the 
average thermal gradient. 



An evacuated insulation^ nai.:ed after the inventor. 
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RESULT5 

The machine model and parameters for the shielded, superconducting 
field, alternator were developed in Chapter II and Appendix A. A 27,200 kvr 
(36,500 HP) generator ira.s designed in Appendix B. Table IV shows a siramary 
of the results. 



TABLE IV 



A 3 phase, 3 pole-pair. 
Prime mover speed 
Electrical speed 
Power output 

Arn-iature power lost 
Reactive armature power 
Field power lest 
Heat loss at 4.2°K 
at 70°K 

Shaft outside diameter 



generator of 27,200 Iw. 

9000 rpm 
h^O cps 
27^200 kw 

36,500 hp 
3.5 kw 
65 

negligible 
llj. \re.tts 
393 ^'S-tts 
12 a 7 cm 
10 '.2 cm 

and coolants . ) 

.75U m 
1.2 m 

1.67 1.1 
.75^1 K 
.60 m 



inside diameter 

(Shaft \n.ll carry the pover lead 
Alternator diameter 

length electrical 



physical 

Shiej^d outside diameter 



inside diameter 
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Arm ture 



Field 



Vfeielits 



outside diameter .60 m 

inside diameter .1^8 m 

outside diameter ,h2 m 

inside diameter .22 m 

Shield 2.13 tons 

Armature 1.02 tons 

Field 1.00 tons 

Shafts end support^ etc. . ^0 tons 

Total 4.65 tons 

784o hp/ton 



Specific horsepower 



I 




Discussion OF RESUI,TS 



Tlie figures for the 27^200 la-r generator are the best achieved in 
a.n attempt to develop an optimization procedure. As a result^ on3.y a gen- 
erat::r ^ras designed. Tlie complexity of the problem did not allow 
adeej-ate determination of an optimization procedure in the time allowed, 

Tne output voltage \ras assiuned to be equal to the open circuit voltage. 
Tlie armature reaction is sufficiently sirnll so that the error introduced 
is negligible. At a higher frequency and a different number of pole- 
pairs. it may have more effect. 

A small amount of power is lost in the armature due to the 
resistance of the copper ^^^ire, No significant power is lost in the field. 
Tills is one advantage of using a superconducting field. 

Tlie dev^r is composed of 1 cm of vacuum insulation around the 
super Gondoctor windings^ a 1 cm space for liquid nitrogen to flow tixTough 
and a 1 cm vacuium insulation to separate the liquid nitrogen from the 
abmosxjhere. The use of liquid nitrogen as an intermediate stage of 
cooling lowers the heat loss at 4.2^K. It is cheaper^ in terms of coolant 
plant power; to remove as much of the heat as possible at as high a 
te/ipicrature as is practical. The coolants will flow into the demr through 
the shaft. Centrifugal force and the difference in density between the 
liquid and gas aids the flow of the coolants. The heat loss through the 
devar is calculated on the basis of 0.01 rmi Hg pressure in the dewar. 

Tn:-: heat loss tlirough the shaft is hard to calculate a,s the heat transfer 
p ' lolcm is not clearly defined. The heat loss at k.2^K through the shaft 
v-.-j vGalculated u.sing an effective 3_ength of cn between the 4.2^K i^ortion 
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of the shaft and the 70°K portion of the shaft. An effec'ive 
of 10 cm iras used for calculating the shaft heat loss at 70 ^K. 

The shaft carries the coolants and the power leads for the field. 
A sma,ll amoimt of power can he supplied to the fieJ.d fron tjine to tiae 
to boost it hack to the desired level. Tills requirer.ent i.s smalr and 
should cause no prohlen with using the shaft to bring to .leads into the 
dei-rar . 

Tlie speed of 9000 rpni was used to allow the prime mover to be 
either a steam turbine or a gas turbine. Both can operate at tlni.s 



speed efficiently. 
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CONCLUSIOHS AI-ID RECOJEvEriDATIOKS 



Shipboard electrical propulsion systems can be greatly reduced in 
size by the use of superconductors. A coiwentional electric propulsion plant 
for 35^000 shaft horsepower weighs 275 tons and a reduction gear-shaft 
drive weighs 68 tons. [2j 

An opti mization formula to.s not successfully derived, but the 
generator described indicates the reduction in size and v/eight possible. 

It will easily be competitive with standard shafting drives. The figures 
described have been achieved by manufacturers now. These do not ma,ke any 
demands on futia-e technology. 

It is recommended tha.t the rest of the system be analysed and that 
another attempt be made to find a procedure to optimize the design of 
an alternator . 

Several individual items need attention. A fully superconducting 
machine needs to be considered. Additional size and vreight may be gained. 

The problem of AC losses has to be taken care of if it is to be considered. 

A structural analysis of turbine and generator need to be done to 
determine the ma.ximum speed available, if the speed can be increased, the 
size and vreight can be dccrea.scd. 

Tlie power must be transferred from the generator to the control 
system and to the motor. A m.ethod must be used which >rlll keep the 
size, weight, and powei' loss at a minimiua. 

A control Eiystemi must bo designed. A cycloconverter seems to have 
application in this system as it offers the wide variation in control 



desired. 
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Tlie entire .'.-yst- vill t '.ve to be designed from a thermodynamics 
point of view to minln. i.;c the coolant plant which \rill have to be 
provided. It should 1 • pos.siele to reduce the heat losses in the 
alternator by a bettei ti .-rnodynamic design. 

Upon co/ap]etion of i.he ct.-sign of the system a working model wall 
be needed to prove the feasibility for shipboard use. 




I 
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APPEiroiX 
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A. DEVELOPi-ENT OF FIELD Am) EIIERGY 
EQUATIONS AND INDUCTANCE PARAMEITCRS 



Surface current 

A cylinder of surface cvirrent is formed by a differential element 
dr thick at radius r. This is shown in Figure 2 and Figure 3* This can 
be represented by 



K(r) 



y 

= I hj, sin 
n odd ^ 



vhere 






1 o L 
L ^-L 



f(X) 



sin 



n^x 

L 



with 

X = cp 

L = 

P 

f(x) = Jfdr 0<x < L 

= -Jj-dr -L < X < 0 

evaluating 

bj^ = 4jfdr 

m 



and 



>'(r) 



“ I ■ 

n odd 



4jf dr 
nn 



sin np9 



Fields 

The fields are the solution to Laplace’s Equation 
2 

V U 0 



subject to the boundary conditions as stated in Chapter II. 'I’he solution 
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3 S 

U = R(r)$(9) 

U = (Ap^ + BP”'1)(C sin q;o + D cos q<p) 

The field inside of the alternator is composed of a superposition of six 
solutions. There is one solution for the inside of tlie ring of field current 
one for the outside^ and one for the shield. Tnercis a corresponding set for 
tfie armature. The fields are of two basic forms, one for the radius to 
the point in question being inside the ring of curi’ent (p < r) and the 
other for the radius to the point in question being outside the ring of 
current (p > r). The current rings are then integrated from Rp to Rg and 
from Rp to Rq. This removes the r dependence of the solution. For a 
point in the winding, one solution has to be integrated out to p from the 
inside of the v;inding and the other has to be integrated from p to the 
outside of the winding. 

Energy 

The energy in the fields has to be integrated in pieces corresponding 
to the different radii. The integrations are straight forvra,rd if the sim- 
ilarity of the pieces of the integrals is used. Upon completion of the 
integra,tion the radius ratios are substituted and the results are as 
shoT-m in Tb,ble II. There is no difference in the procedure for the arm- 
ature . 

Indiictance 

Self inductance is obtained from the relation 

Lp = 2Wf 



If = "(R2^ - Ri^) Jf 

' 2I\f 



with 




I 
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Mutual inductance is calculated iro-.i the 
coil of the armature by the field* An elei. entat coil 



6 Na 

5(5roS---S2) 



linked in an elei.iental 
is 



so that 



d2X = 6 Wa papdc ilp(p,’!') .^Pd';; 



• 9 



Hp(p,(.)= 

^ TTnC2i^np) 



R' 



npl-2 p_nT>f-2 
" “ *'l ■“ 



n odd 



pnp-1* 






cos npj (1+ (£ )2”P) 

IxS * 



Substitute for Hp and Jf and carry out aji integration over '!f and then 

over p and cp. Then I^f = ^ , which is in Table III. M is the magnitude 

ir 

of the first order component of It is the r>rimary determining factor 



in the voltage generated by the alternator. 
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■ B. DESIGN 

The voltage produced by the alternator ir, 

Va = lUMIf 

The current is 

la = ^(Rq^ - 
6Ra 

Therefore the power is 

P = 3/2 Vala 
= UiMIfn(Po^ - Ri^)Ja 

Substitute M from Table III. 

P = 12/^.u=If%Ro%a^- ^R2^P 

p(l>{-2) 

If% = ttR 2^(1 - y^)Jf 
2 

V7 = 1 

w = P Him 
i = 4Rq 

Substituting the above into the formula for P 

P = 96 Uk lo'i' Ro^j R 2 ]p+ 2 f 1 - x-P!-P j. "I 

P + 2 J (1 - yPP^)- 2 - p *" 1 . -I- p 

(B-l) 

Since the shield is made of iron the niagnetic fieM in r'ity is 

limited to 2 V/ebers/raP at the shield. The contribution of tRe -m-;. ature 

to the intensity is 1 /Rq.i>I- 2 in the first har,ion‘c. '■he c- ribniion 

200 

would be about lOp in an 11 pole-pair mac' lne. A fir:--. .;:.V . f fjuld 

intensity can be made by neglecting the arir.atiu'c conL' "i., ; 1 fi'gher 
ox'der har.monics are negligibJe, docz-easing on t'u oil r 0 . J _ 



- yP + 2 






1 - x' 
- 2 - n 



•042 



-K 



^p42 



(:- i- P)^P J 



The intenoity due to the field is 



- 37 - 




P= hs = ho 

The rraxinuin intensity is desired so cp = 0. EX'^aluating the constants 



The follo^idng constraints due to the plij'^sical arrangement of the problem 



hi ^ r shaft 
0 < y < 1 
hi = Rp + . 03m 
0 < X < 1 
hp = hi/y 
ho = hi/x 



used with equations B-1 and B-2 are sufficient to design ah alternator. 

The size of the shield is determined by the maximiui fltix that the 
shield is to carry. 



The flux per meter length 



The maximum flux density allov/ed in the shield is 2 Vfcbers/m2 so that the 
iron does not saturate. Tlie shield then must have a thickness 



t - IBoI ho 

2p 

and the r.iachlne outside radius is 



hso = (1 + ) ho 

2"p 




(B-2) 



B =[Bp I cos p-p 



at p = Rq 




0 



— jhp! Rq 
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oevoral attemi^ts vere made to derive an optimization formula from 
Lhe above irifor’.ation vfith no success. 'Jlie best machine designed in the 
proce-j Is the one for which the results are given, lhe magnitude of the 
ia,gnetic field intensity at the shield vas 1-54 Vfebers/iu^. 
lhe .shaft size was calculated from the for.mula 
T =: 321,000 H d 

n( d^ - di^y 
II = 36, 500 hp 
n = 9000 rpm 
(1=5 in. 
dp r= h in. 

vj.th the resultant torsional stress 
T = 17; 500 psi 

This value leaves a large margin of safety as all steels tested failed 

above 50;0G0 psi. [ 6 ] The only restraints on the shs.ft size are that it 

be Eii-a.l].er than the inside radius of the field and large enough to hold 

the J.cads and carry the coolants. 

The heat loss is calculated vrith the formula 

w = k A M 
dt 

and an idea of the geometry of the problem. Heat transfer through the 
devTar is handled in two steps. The first step is frora k.2°K to 70°K. 

That :i r, the temperature of liquid nitrogen, which will be used as an 
intcr-'icdiatc coolant to reduce the heat loss at k.2^K. The second step 
is f---m YO'^K to 300°K. 

T::- de-.a.r is approximated by a cylinder slightly larger than the 
outer radius of the field and t\;o disks at the ends of the field. 

A - 2n Rdev/ar (->’ -1 -I- 2-r (Rden.ar^ “ I^shaft^) 

P 
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Ihe follovrlng values were used for the inner devar 
Rde\/ar = 22 cm 
= 120 cw 
R 2 = 21 cm 
P = 3 

r>shaft = 6.35 cm 

The area calculated u’as 22^500 cm2, similar calculation for the outer 
devTar yielded an area equal to 25^070 cm^. 

Tlie values of the lieat transfer coefficients used were taken as 
that of silica aerogel in a de-^'zar with a pressiu^e of 10“^ mrn Hg. Better 
values are obtainable ^ but are calculated for a de\-rair at least 1 inche 
thick. Bei'Tars thinner than 1 inch have a greater heat transfer coeffi- 
cient than tliat which is listed for that t^Tp^ of dev/ar. Tlie values used 
are 5 inicro>ratts/cm for the dev/ar between 4.2^K and s^nd 30 micro- 

\ 7 atts/cm °K for the outer de-\- 7 ar. Each derar is 1 cm thick with a 1 cm 
space between for the liquid nitrogen. The heat losses calculated are 
watts for the inner de^/ar and 173 vatts for the outer de^/ar. These 
figures assume that the ends are the same thiclaiess as the cylinders. 

The heat loss due to the shaft is harder to estimte. The super- 
conducting portion of the machine is about 1^5 cm long. The supports 
for the field are assumed to be evenly distributed along the shaft and 
the shaft and supports are assumed to be insulated so that the heat that 
flows into the dewar through the shaft must come in the supports. Then 
the average path length of heat conduction is at least 35 cm from 4.2^K 
to the point where the liquid nitrogen passes through the shaft; which 
is at 70 °K. conductivity assitmed is that of type 347 stainless 

steel; about 40 2 :ii].liwatts/cm between 4.2^K and and about 110 

milliwatts/cm between 70^K and 300 OK. Tbe cross sectional area of 



the shaft is 43 cm^. Ihe heat loss calculated is 3-3 ^ra.tts from each 
end of the shaft. Ihe heat flow from 70°K to 300°K is cstima-ced on a 
length of 10 cm, assuming that the shaft vd.ll be insulated for a short 
distance beyond the dewar. Hie heat loss at 70°K is 110 watts fro:;: each 
end of the shaft. Ihe total heat loss at 4.2°K is l4 watts and 393 vatts 
at 70°K. 

Hie power loss in the armature due to resistance is easily calcu- 
lated . 

P = R 

= 1^2 p f A 
Ja = 100 amps/cm^ 
p = 1.9 micro-ohm- cm 

f = 167 cm 
A = 1100 cm2 



The resultant power loss is 3*5 
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